High frequency, IC-compatible microelectromechanical IF filters with integrated filter Q's in the hundreds have been demonstrated using a polysilicon surface micromachining technology. These filters are comprised of two micromechanical resonators coupled by soft mechanical springs. The center frequency of a given filter is determined by the resonance frequency of the constituent resonators, while the bandwidth is determined by the coupling spring dimensions and its location between the resonators. By taking advantage of low velocity spring coupling locations, high filter Q's are attainable despite the use of low mass micro-scale resonator elements. Filter center frequencies from 3-10 MHz with Q's from 10-400 are demonstrated using low velocity designs.
I. INTRODUCTION
The majority of the high-Q bandpass filters commonly used in the RF and IF stages of heterodyning transceivers are realized using off-chip, mechanically-resonant components, such as crystal filters and SAW devices. Due to higher quality factor Q, such technologies greatly outperform comparable filters implemented using transistor technologies, in insertion loss, percent bandwidth, and achievable rejection [ 11. However, being off-chip components, these mechanical devices must interface with integrated electronics at the board level, and this constitutes an important bottleneck to miniaturization and performance of heterodyning transceivers.
The rapid growth of micromachining technologies, which yield high-Q on-chip mechanical resonators [2] may now make miniaturized, single-chip heterodyning transceivers possible. With Q's of over 80,000 [3] under vacuum and center frequency temperature coefficients in the range of -10 p p d C (several times less with nulling techniques) [4] , polycrystalline silicon micromechanical resonators (abbreviated "pesonators") can serve well as miniaturized substitutes for crystals in a variety of high-Q oscillator [5] and filtering applications. To date, LF (i.e., 20 kHz), two-resonator prototypes of such filters have been demonstrated [6, 7] . For use in communications, however, much higher frequencies must be achieved. The present work achieves frequency extension to the HF range and reports on the design, fabrication, and performance of a prototype planar IC-processed micromechanical bandpass filter centered at 8.37 MHz with a voltage tunable bandwidth and filter Q in the hundreds. Figure 1 presents the scanning electron micrograph (SEM) of this filter, identifying key components. As shown, the filter consists of two polycrystalline silicon mechanical clamped-clamped beam resonators, coupled mechanically by soft springs, all suspended 0.1 pm above the substrate. Poly- silicon strips underlie the central regions of each resonator and serve as capacitive transducer electrodes positioned to induce resonator vibration in a direction perpendicular to the substrate. The resonator-to-electrode gaps are 0.1 pm. Figure 2 presents a perspective view of the two-resonator filter, along with the preferred bias, excitation, and sensing circuitry. Under normal operation, the device is excited capacitively by a signal voltage applied to the input electrode. The output is taken at the other end of the structure, also via capacitive transduction. The magnitude of electromechanical coupling achieved at the input and output transducers is proportional to the square of the electrode-toresonator overlap capacitance, and to the square of the dcbias voltage V p shown applied to the conductive resonator structure. Thus, to maximize the electromechanical coupling, the capacitor gap spacings should be minimized, and the volt-age V p made as large as permissible by system supply limitations. Upon application of an input excitation voltage with suitable frequency, the constituent resonators begin to vibrate in one or more flexural modes in a direction perpendicular to the substrate. For a properly designed mechanical filter, if the excitation voltage has a frequency within the passband, both resonators will vibrate. Vibration of the output resonator then couples to the output electrode, providing an output current given by where x is vertical displacement, and aC2/ax is the change in resonator-to-electrode capacitance per unit displacement at port 2. The current ix2 is then directed to resistor RQ2, which provides the proper itermination impedance for the pmechanical filter. RQ2 then feeds a transresistance amplifier which amplifies i , 2 to a buffered output voltage v,.
FILTER OPERATION

GN
The presonators comprising the filter are preferably designed to be identical, each with the same resonance frequency, given by (neglecting stress and width effects) [8] where the dimensions h and L, are defined in Fig. 2 , k, is the dynamic spring constant of the presonator, m, is its effective mass, and E and p are the Young's modulus and density of the structural material, respectively. Equation (2) suggests that high frequency resonators require high spring stiffness and low mass. The latter requirement provides a major incentive for miniaturization of mechanical filters, and discourages the use of bulky comb-driven resonators from VHF on up.
If each resonator is designed to have the same resonance frequency, then the passband of the overall filter will be centered around this frequency. The coupling spring acts to pull the resonator frequencies apart, creating two closely spaced resonance modes that constitute the filter passband. Thus, the center frequency of a mechanical bandpass filter is determined by the geometry of the constituent resonators, while its bandwidth is determined by the coupling spring(s). To properly design the resonator and coupling spring topologies, electromechanical analogies are used, where the electrical domain inductance and capacitance of a properly synthesized LC ladder filter are implemented via analogous values of compliance and mass in the mechanical domain. In effect, a mechanical ladder network (using resonators and coupling springs) is designed to match a synthesized LC filter network. Figure 2 explicitly depicts this electrical to mechanical equivalence. As shown, resonators in the mechanical domain uate to LCR tanks in the electrical domain, while coupling springs are analogous to coupling capacitors.
The element values in the resonator equivalent LCR's are determined by the mass and spring stiffnesses of the resonators, and by the magnitude of electromechanical coupling at the transducer electrodes. Equations for the elements can be derived by determining the effective impedance seen looking into a resonator port [6], and are summarized as follows:
where Vpn=Vp-V, , V, is the voltage on the electrode at port n, and other variables have been defined in association with
For a given filter center frequencyf, and bandwidth BW, the required coupling beam spring constant can be found using the expression [9, 10] (1) ancl (2) .
where k12 is the normalized coupling coefficient between resonator tanks for a given filter type (i.e., Butterworth, Chebyshev, etc. ...) [9] . The needed value of coupling spring constant k, is determined largely by the coupling beam geometry, and is given by the expression [lo] EZa3( sina + sinha) ks12 = Lf,(cosacosha-1) (5) where a=( p A~~/ E l l )~~~~, and I= W1 2h3/ 12.
The design of the coupling beam is complicated by the fact that the beam itself has finite mass. In particular, for the case of micro-scale filters, the coupling beam mass is on the same order as that of the resonator beams. Unless designed away, this beam mass can add to the masses of the adjacent resonators, thereby changing their individual resonance frequencies, and in turn, changing the overall filter center frequency. From an equivalent circuit viewpoint, the coupling beam can in general be represented by a T element composed of three capacitors, as shown in Fig. 2 . The shunt capacitor C12 represents the desired spring action of the coupling beam, and is given by where q l is given in (3). The series arm capacitors C12/, however, represent the finite mass of the coupling spring, and add to the LCR's of adjacent resonators, effectively changing their frequencies. To eliminate this phenomenon, the coupling spring must be designed so that Cl;= -C l 2 Under this condition, the effects of the series arm capacitors are cancelled to first order during filter operation, making the coupling beam appear massless. C12/= -C12 is satisfied when the coupling beam length L12 corresponds to a quarter wavelength at the frequency of operation; i.e., when L12 satisfies the expression [lo] sinasinha + cosacosha = 0 , (7) After determination of LIZ via (7) , WIZ is chosen to satisfy Using the above design techniques, pmechanical filters were designed with center frequencies ranging from 3 MHz to 10 MHz, and filter Q's ranging from 10 to 400. Analytical design techniques were also verified using finite-element simulation (using ANSYS). Table I summarizes the designs and simulation results for an filter centered at 8.37 MHz. The maximum overall filter quality factor (p = fJBW) attainable via a mechanical filter is proportion to the ratio of the resonator and coupling beam spring constants, k,Jks12. For macroscopic mechanical filters this ratio can be made quite large, because the resonators are often much bigger and thicker than their associated coupling springs. On the other hand, in pmechanical filters, the resonators and couplers are usually of similar size, and thus, the ratio k,JkSl2 is limited.
This, then, limits the attainable Qjt, A novel method for attaining greater Qjt, takes advantage of the fact that the dynamic spring constant k, of a clamped-clamped beam is larger at locations closer to the anchor points-i.e., it's larger at points moving with lower velocity at resonance. Thus, by coupling the beams closer to the anchor points, rather than at the centers of resonator beams, higher Qp,, can be achieved, even when the resonators and coupling springs have similar sizes. Table I also includes and compares designs using two degrees of low velocity coupling, showing explicit Qptr differences.
Filter Termination,
As with LC-ladder filters, the described pmechanical filters must be terminated with the proper impedance values. Without proper termination, the resonator Q's are too large, and the filter passband consists of distinct peaks of selectivity. In order to flatten the passband, the Q's of the constituent resonators must be reduced, and this can be done by terminating the filter with resistors. In Fig. 2 , resistors R and R Q~ function as termination resistors that lower the e#&tive Q of the constituent resonators. The required value of tennination resistance for a pmechanical filter with center frequency f, and bandwidth BW is given by where Qres is the uncontrolled quality factor of the constituent resonators, and QP,, I= fdBW IV. EXPERIMENTAL RESULTS Micromechanical filters were designed as detailed in Section 111, then fabricated using a polysilicon surface micromachining technology siimilar to previously reported versions [2, 11] , except that the sacrificial oxide thickness in this process is only 1000 A. A cross-section of a pmechanical resonator constructed using this process is shown in Fig. 3 .
Upon inspection and initial biasing of the completed devices, two immediate observations were made: (1) none of the devices stuck to the substrate after a standard, wet HF release; and (2) pull-in voltages [ 111 were high, on the order of 50 V, even for resonator-to-electrode gap spacings of only. 1000 A. Both of these features result from the high spring stiffnesses required to atchieve HF pmechanical resonators. The near immunity to stiction and the high pull-in voltages contrast strongly with thlose of lower frequency applications, such as accelerometers, and suggests that yield loss due to these mechanisms should be substantially less for HF MEMS used for communications.
Since the quality factor of pmechanical resonators is large only under vacuum, resonators and filters were tested using a custom-built vacuum chamber. This chamber featured feedthroughs for connection to external instrumentation, as well as internal :supports for circuit board inclusion. With this set-up, the amplifiers and other electronics shown in Fig. 2 can be placed within the vacuum chamber, alongside packaged pmechan ical devices, with minimal parasitic interference. Using a mechanical pump, the minimum achievable pressure of this system was 100 mTorr. Figure 5 shows the frequency spectrum for an 8.5 MHz parallel-plate driven, polysilicon pmechanical resonator measured under 150 mTorr pressure with a dc-bias Vp15V and an ac drive amplitude of 2mV. The Q is 8,000 in this measurement, which is certainly high enough to achieve extremely selective bantlpass filters with minimal insertion loss. At 150 mTorr, the dominant, Q-limiting loss mechanism is most likely molecular gas damping [12] , so even higher Q's are expected at lower pressures.
The measured spectrum for a terminated 8.37 MHz tworesonator vmechanical filter is shown in Fig. 4 . Although this filter is terminated with the correct value of R Q~, it still shows more ripple than anticipated by ideal theory. The reason involves the parasitic capacitors C p , and Cp2 shown in F i g . 4 Measured spectrum for a terminated 8.37 MHz pmechanical filter with excessive input/output shunt capacitance. Here, Qpt,=340. combine with the termhating resistors RQ1 and R Q~ to introduce excessive phase shift at the inputs and outputs of the pmechanical filter, thus, greatly complicating the passband flattening problem.
One way to circumvent this problem is to reduce Cpl and Cp2 by careful board layout or by integrating sense and drive electronics alongside the pmechanical filter. Another is to lower the series motional resistance R,, of the constituent resonators so that the values of RQn can also be lowered (c.f., Eq. (8)). This is best achieved by decreasing resonator-toelectrode gaps even further, or by increasing V p The latter solution is limited, however, by pull-in or system supply limitations. Yet another method for suppressing phase lag effects is via active Q-control [3] .
Flat filter passbands can also be achieved even under conditions where Cpl and Cp2 are large by decreasing the bandwidth of the filter. This effectively allows the terminating resistors R and RQz to be reduced, which then reduces phase lag, m&ng proper termination possible. One way to decrease the bandwidth of a given pmechanical filter is to tune the frequency of one of the constituent resonators relative to the other via the voltage-controllable electrical spring constant that arises in parallel-plate capacitively transduced resonators [6] . In Fig. 2 , the voltage VAfprovides tuning of this electrical spring constant, and this in combination with reduced terminating resistance allows passband correction of a 3 MHz filter as shown in Fig. 6 . Here, the voltage V~f i n Frequency [MHz] Measured filter spectra demonstrating passband and bandwidth control of a fabricated two-resonator micromechanical filter using the scheme of Fig. 2 . Here, the incorrectly designed filter of (a) is electronically corrected to a bandwidth of 41 kHz and 0.5 dB ripple in (b). Fig. 2 was used to adjust the frequency difference between the two passband peaks until a bandwidth corresponding to smaller terminating resistors ensued. A substantial degree of correction is demonstrated using this technique, making it a promising passband correction technique for future filters. Finally, the low velocity coupling design strategy detailed in Section I11 was verified by measuring the bandwidths of filters as a function of coupling spring location along the resonator beam length. Table I compares design and experimental results, showing good agreement, and verifying that low velocity coupling is useful for implementing high filter Q's on the micro-scale.
V. CONCLUSIONS
Surface-micromachined, polysilicon, high-Q pmechanical bandpass filters in the HF range have been designed, fabricated, and tested with particular attention to design limitations caused by miniaturization of resonator and spring elements. In particular, finite coupling beam mass was shown to shift the center frequency away from the designed value and to limit the maximum filter Q attainable by micro-scale mechanical filters. Quarter wavelength coupling spring design solves the fkst of these problems, while a novel technique involving low velocity coupling was introduced and demonstrated to realize high-Q in pmechanical filters.
High Q performance was demonstrated for both single presonators and filters in the HF range. Parasitic elements were shown to have more influence in this frequency range and passband correction techniques involving frequency pulling were demonstrated to alleviate some of this problem.
